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INTRODUCTION

Progress in the theory of combustion of heterogeneous solid propellants has
stagnated for many years as a result of continued ignorance of the decomposition
mechanisms (and kinetics) of propellant ingredients, the difficulty of measuring
the microscopic details of the combustion process, and the difficulty of
analytical description of this three-dimensionally- and chemically-complex
process. The research reported here was aimed specifically at these "stagnant
points” in the progress toward understanding. The research included two primary
strategies. One strategy was to develop means of observing decomposition of
ingredients by several complementary controlled heating experiments that spanned
the range of heating rates and temperatures from the Tow rates characteristic of
conventional differential thermal analysis and TGA to very high rates in laser

pyrolysis comparable to those in the propellant combustion zone. The second

strategy was to develop and use a combination of model combustion experiments
that collectively guided combustion theory to a more realistic representation of
the propellant combustion zone. The results of these two strategies are
presented in Appendices A and B, which constitute the bulk of this report. The
following is a short summary of these Appendices and of other activities not
contained therein.
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HIGH TEMPERATURE DECOMPOSITION

In order to establish the behavior of dindividual ingredients in the
combustion zone, experiments were set up to produce controlied heating of samples
while observing their response to heating. The following methods were

"assembled": x

1. Leitz optical microscope with heating stage (typical heating rate
1°C/sec)
2. Perkin-Elmer Model TGS-2 thermogravimetric analyzer (typical heating
rate 0.1 to 10°C/sec)
3. Perkin-Elmer differential thermal analyzer DTA 1700 (0.1 to 10°C/sec) ]

4. Custom built (see Appendix A) thermal gravimetric analyzer (heating
rate up to 200°C/sec)

5. 1200 watt CO2 laser (Penn Research Corp, Model FHI~140) (heating rate )\
105 0C/sec)

The above experiments were aided by a DoD Eguipment Grant (AFOSR-84-0183) 4
and are in varying degrees of use as described below.

Hot Stage Microscope

The microscope was purchased on an earlier AFQOSR grant (#84-0183) and the
heating stage, purchased with Georgia Tech funds, has been in routine use for 10
years. In the present contract, the "HSM" was used to verify the conditions for
melting, conditions for out-gassing, and character of dry residue from tests on
polymers used in companion experiments.

TGA and DTA

This apparatus was used to develop low heating rate data on polymer
decomposition (Appendix A). This data was compared with results from the Georgia

Sua \ - Y 1--u---;----Ili----llllllllllJ




Tech-developed high heating rate thermogravimetric analyzer (HHRTGA), first to
evaluate performance of the HHRTGA and tiaen to give a comparison base for
determining heating rate effects. Comparisons were made for HTPB and PBAN
polymers (See Appendix A).

The TGA-DTA unit was also used as a programmable heating control in some
tests on the HHRTGA.

High Heating Rate Thermogravimetric Analyzer

Development was undertaken of a novel device for high heating rate
experiments using a "Curie Point Pyrolizer" as a starting point. This device
uses radio frequency induction heating of a ferroelectric sample holder to
produce rapid heating. The test sample is deposited on the sample holder in a
thin film to assure tracking of the sample holder temperature. Heating rates of
up to 103 °
analyses are possible. In the present study, it was decided to concentrate on

C are attainable by this method and a variety of sampie and product

time resolved measurement of sample mass (hence the name, "HHRTGA"). In order to
make mass measurements, the ferroelectric sample holder was installed as the
outer extremity (free end) of a cantilever-mounted quartz tube. Provisions were
made for mechanical excitation of vibrations of the rod at its resonant
frequency, which was then measured as a function of time during sample heating.
Because the sample is at the outer (free) extremity of the vibrating rod, the
frequency is quite sensitive to samplie mass and sample masses can be relatively
small (.25-.50 mg). The change in vibration frquency vs time is a measure of
sample mass change. In a typical test, the sample 1is heated from ambient
temperature to 550°C in 10 seconds. The system records frequency and temperature
in digital form in a Nicolet Oscilloscope disk storage (as functions of time).
The data are transferred to an IBM PC, which uses stored calibration data to
convert frequency to mass and display mass fraction vs temperature. The computer
program also calculates effective activation energy and a pre-exponential factor
for an Arhenius rate approximation of the data. The system is now operational
and has been used to observe decomposition of PBAN and HTPB binders and ammonium
perchlorate (See Appendix A). Decomposition at heating rates comparable to
conventional DTA and TGA experiments yielded activation energies similar to
values from those experiments ( ~ 18,000 cal/mole: see the "VTGA" curves in Fig.
5-4b and Table 5-3b of Appendix A). The effective activation energy of HTPB




decomposition was much higher at high heating rate than at conventional rates (~
80,000 cal/mole: Table 5-5 of Appendix A), comparable to the weakest bond
energies of the molecules. This result suggests that the weight Toss during
conventional low heating rate experiments is governed by an evaporation process
and that the kinetics do not control the rate until rates of 10 to 100°%/sec are
used. In the case of PBAN polymer, the activation energy remained low even at a
heating rate of 50°C/sec (Fig. 5-4a and Table 5-4 of Appendix A). It is worthy
of note that the heating rates reached in the propellant combustion zone are
still 2-3 orders of magnitude higher than those achieved here, so that the
complex dependence on heating rate needs to be more fully explored, and extended
to higher rates (and temperatures). It was in anticipation of such results that
the present study included development of a laser pyroiysis facility.

QQZ Ltaser Pyrolysis Facility

This facility is intended to permit observation of polymer decomposition at
heating rates of 105 °C/sec. It is not proposed that time resolved measurements
be made during the heat-up event of any single mass eiement as this would require
time resolution more appropriate to burst heating. It is proposed to propagate a
steady state pyrolysis wave in a sample at velocities comparable to propellant
burning rates. Measurements will be made of velocity of the pyrolysis wave,
sample surface temperature, temperature profile in the thermal wave, and gas
composition above the surface. Planning for this project was started during the
present contract, funding for a 1200 watt Penn Research Corporation fast axial
flow laser was provided under DoD Equipment Grant AFOSR-84-0183, and the laser
was ordered for delivery in November 1985.

.




COMBUSTION ZONE STUDIES

As noted earlier, a combination of combustion experiments and theory was
used to determine the nature and dimensions of the flame complex that occurs
above the propellant burning surface and to study the coupled three-dimensional
heat field in the heterogeneous solid. This work was done primarily with
two-dimensional models of the propeilant (i.e., oxidizer-binder "sandwiches").
These studies were a continuation of earlier ones reported in Ref. 1, 2 and the
new results are summarized in Appendix B. The studies have established a
description of the flame complex shown in Fig. 12 of Appendix B, and of its
pressure dependence shown in Fig. 18 of Appendix B. Some of the novel features
of the combustion zone that are either established or strongly indicated by the
results are:

1. The AP flame that is usually pictured as occurring over all the AP
surface (at pressures above the AP low pressure deflagration limit)
does not occur in the region close to the binder, because of subsurface
heat fliow from the AP to the binder. In this "quenched" region of the
AP surface, the AP vaporizes by dissociative sublimation.

2. The rest of the AP surface deflagrates at a velocity that depends on
proximity of the hot oxidizer-binder flame.

3. The AP-polymer vapors diffuse together above the AP-binder contact
surface. The extent of mixing increases with distance above the
contact surface. At some distance above the surface, conditions be--me
favorable to support a local "pre-mixed" flamelet, which is the nearest
part of the 0-F flame complex to the surface.

4. The location of the "pre-mixed" flamelet is determined by the necessity
for heat release to balance upstream heat loss. The flame is held off
from the surface to a location where large fuel molecules are broken
down into "oxidizable" fragments and an adequate supply of 0-F mixture
is available for a self-sustaining flamelet. This was labeled the
"Kinetically limited leading edge flamelet" (KLLEF) of the 0-F flame
complex.




5. The heat from the KLLEF supplies heat to the surface to sustain surface
decomposition near the AP-fuel contact surface and to enhance
self-deflagration of the AP in a limited region where the AP surface is
close but not quenched (location 4 in Fig. 12 of Appendix B).

6. The balance of the 0-F flame consists of a diffusion flamelet trailing
beyond the KLLEF, generally too remote from the surface to affect
burning rate much. At low pressure, the KLLEF stands far out from the
surface, consumes a larger part of the 0-F mixture, and leaves less
reactants for the diffusion flame (Fig. 13, 18 of Appendix B).

7. At sufficiently 1low pressure, the KLLEF experiences a threshold
condition beyond which it cannot be sustained. This is related to the
thickness of the binder lamina (in a sandwich) or the size of the
oxidizer particle (propellant). In a sandwich, this yields a low
pressure deflagration limit. In a propellant, the mechanism causes
small oxidizer surfaces to pyrolize without near-surface attached 0-F
flamelets, reducing the effectiveness of fine particles as a means to
high burning rate (Fig. 11 of Appendix B).

8. At high pressure, the AP self-deflagration proceeds ahead of the Q-F
flame controlled region, dominating the burning rate (7-10 MPa) (Fig.
18 of Appendix B).
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XV

SUMMARY

An investigation into the rapid pyrolysis of polymers
ras been conducted; this investigation focuses on experimen-
tal methods to measure global Arrhenius parameters of
polymers under conditions approaching those found in combus-
riom. Prior work in the field of rapid pyrolysis |is
reviewed.

Fram theoretical considerations, it is concluded that
using Arrhenius parameters, determined at low pressures and
low~heating-rates, to extrapolate reaction rates to regions
far outside of this domain is unwarranted, and often incor-
rect. Global kimetic parameters of complex substances are
nrot mnecessarily constants, and must be measured 1in the
domain of interest, wherein "effective" energies of activa-
tion and pre-expanential terms can be interpolated based
upon the local conditions.

A novel "Vibrational Thermogravimetric Analyzer" (VTGA)
has been ronstructed which uses a vibrating quartz tube to
make continuous mass measurements during sample pyrolysis at
neating rates up to &0 °C/s. The samples, thin films coated
on a metal substrate, are rapidly heated using a non-contact
radio frequency induction heater; these samples are in

contact with a thermocouple throughout the course of the

neuthessth
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pyrolysis. Global Arrhenius parameters are calculated for

the thermal decomposition of Hydroxy-terminated
poly(butadiene) (HTPB), Poly(butadiene-co-acrylanitrile)
(PBAN), and Ammonium Perchlorate (AP); low—-heating-rate

results from the VTGA compare favorably with data obtained
under similar conditions using a conventional TGA. A
limited number of kinetic measurements have been made on
these materials at heating rates between 20 and 40 °C/s
- rates which would be relevant to the low pressure combus-
tion of polymers.

The work demonstrates that vibration 1is a suitable
technique to make rapid and continuous mass measurements of
samples undergoing pyrolysis at moderate heating rates.
Modifications to the VTGA are suggested which should permit

operation at heating rates in excess of 100 °C/s.




r CHAPTER 1

INTRODUCT ION

1.1 Background

Recent years have seen the ever Iincreasing use of

synthetic polymers in virtually all aspects of aeraspace

& engineering. Polymers are the essential ingredient 1in
; light-weight composite structural materials, as well as in
modern heat resistant fabrics. They are used in very iOw
temperature environments, such as space-storable systems,
and in very high temperature envirgnments where they are

required to retain their desirable mechanical properties for

. substantial periods of time. In addition, synthetic polym-

b ers have important applications in high temperature ablative
systems, and currently, are finding wide spread use in

advanced solid propellants. New classes of energetic

i polymers are emerging which will revolutionize solid propel-

lant technology. Consequently, polymers are exposed to a
wide range of thermal environmments. Continued effective use
é of these materials necessitates a complete mechanistic
{ : understanding of ¢the details of their degradation, pyroly-
sis, and combustion. A thorough understanding of these
' . details would figure prominently in analytically predicting

the behavior of solid propellants; quantifying the burning
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characteristics of polymers, synthetic structural materials,
and fabrics; and predicting performance of ablation systems,
etc.

The capability of analytically predicting the behavior
of burning solid materials, and in particular polymers,
over a broad spectrum of 6onditions has long been the goal
of combustion researchers. However, due to the physical and
chemical complexity often encountered in the combusticn
environment, no such general capability currently exists.
The inner details of the combustion zone are ordinarily
extremely difficult to measure, primarily due to the micro-
scopicy transient, and hostile nature of the combustion
wave. Prediction and control of the burning characteristics
of solid materials continues to be an important and com-
pletely unresaolved problem.

A number of workers (1-9] have developed combustion
models which hold over a limited range of conditions.
Recognizing that the chemistry of the combustion zone
presents an insurmountable mathematical and experimental
dilemma, recourse 1is taken to global kinetics to describe
the chemical rate processes. For these models to haold over
a broad range of conditions, it is necessary to include
constitutive relations of appropriate functional form, and to
have an accurate knowledge of the associated physical and
chemical parameters for the entire domain over which the

model is to remain valid. These parameters include: the




thermal conductivity and diffusivity of the condensed and
gas phase species; coefficients of viscosity and mass
diffusivity; reaction rate constants, orders, Arrhenius
parameters; etc.

The chemical kinetic parameters, especially activation
energy, have the greatest impact upon the problem; it is
readily apparent from Table l-1 that small errors in esti-
mating the activation energy produce serious errors in

predicted rates.

Table t-1., Error Estimate in Arrhenius Parameters.

Arrhentus Faraaeters for
a Theoratical Polvaer

Ea = 45000.00 cal/nole
= 1.82 x 103 5t : R/T/Nh
T =2 500 °C
Prasused £, k Error tn €, Error 1n &
cal/eole 5t % H

35000, 17722. - a0 + 17622
40500, 132%. - 10 +o1e25
42750, 362, -5 + 22
45000, 100, 0 0
47250, 27. + 5 - N
49500, 7. + 10 - 9
4000, 4 + 20 -9




It is unfortunately not possible to calculate these
kinetic values for such complex systems,. Furthermore,
currently available analytical equipment does not permit the
measurement of many these gquantities at the temperatures,
pressures, and heating rates commonly encountered in combus-
tion. As the global kinmetic parameters can be strong func-
tions of the system state variables, it is also in general
not possible to extrapolate this data from the more manage-
able low temperature, low heat flux,; and low pressure test
environments used in contemporary thermal analysis equipment
[101. As a result there is clearly a need for analytical and
empirical methods which address these difficult test condi-
tiaons. It is the purpose of this work to investigate such
methods and apply them to study of selected polymeric

materials.

1.2 Statement of the Problem

The combustion zone in the vicinity of a polymer can be
loosely envisioned as composed of two parts: a gas phase
reactiﬁn 2one - the flame, and a condensed phase zone
encompassing a region at and slightly below the deflagrating
surface. Heat fed back to the surface via conduction,
radiation, and convection, produces: condensed phase reac-
tions, phase changes, and decomposition in the condensed
materials. The degree of decomposition is of course depen-

dent wupon the temperature and the heat flux to the surface
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- this is especially true of polymeric materials. The prod-
ucts of the decomposition vaporize, and provide new reactant
species to the gas phase reaction zone.

In a ¢typical propellant, burning at 34 atm., the gas
phase combustion wave has a thickness of 163 um, thermal
gradients as large as 30 °C/Hm, and temperatures on the
order of 103 °C C111]. .Polymeric binders in the condensed
phase exhibit surface temperatures of about 600 °C (the
exact figure is unknownl), and sub-surface thermal gradients
of about 1S °C/km (111, Overall burning rates are around 10
mm per sec. This translaﬁes into average heating rates of
the condensed phase material of the arder of 105 °C/g!

In contrast; a polymer burning at pressures of around 1
atm, has a much more expanded gas phase combustion wave with
thermal .éradients at the surface of about 0.285 °C/um [121;
this greatly reduces the heat-flux to the surface, and
therefore, reduces linear regQression rates to about 10-2
mm./s. The surface temperatures are still approximately 600
°Cy, however, with the result that average heating rates are
on the order of 10 9C/s,

Polymers used as ablatives in high temperature erasive
environments have linear regression rates which fall in
between these two extremes typically 10~ mm/s [7]. Assuming
a similar surface temperatures and sub-surface gradients
this gives average heating rates on the order of 103 oc/s.

Table 1-2 summarizes these order of magnitude estimates.
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Table 1-2. Order of Magnitude Estiaates of Various Combustion Jones.
Coabustion Zone Low Pressure Ablation Propellant
Cosbustion Cosbustion
GRS PHASE
Thickness, ke 19 - 192
Tesperature, 'C 103 - 103
Thersal Gradients. *C/ka .23 Convection kL)
CONDENSED PHASE
Thickness, fs 40 - 40
Surface Teaperature, *C 2500 2400 2400
Sub-Surface Gradients, ‘C/ia 1S 13 15
Burning Rates, ea/s 10~ fo-t 19
Average Heating Rates, 'C/s 10t 103 199
When analytically modeling such complex combustion

processes, the modeler is faced with the task of solving the
appropriate conservation equations of mass, species, momen-
tum, and energy for both the gas and condensed phases.
Gernerally simplifying assumptions are made to render the
problem tractable, but nevertheless the task is still
formidable. Of particular importance and difficulty are the
associated rate processes of species and energy conversion
in the condensed phase, which enter the analysis through the
conservation of species and energy equations, For the one

dimensional, steady case, and in a coordinate system which
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is fixed with respect to the regressing surface, these are
71:
r@i:_dMVJ+ w
dy —dy (1-1)
-1 _ dl A dT/dy] .
dy ijlci[r+vi] = dy ©2hiey (1-2)

i

where the last ¢terms in these equations are the rate af
species generation per unit volume and the rate of enthalpy
production due to chemical reactions per unit volume,
respectively. In practical situations the overall rate is
normally defined in terms of global zero-order kinetics [13]
and an assumed Arrhenius-type temperature dependence, Eqn.

1-3.

To use this relation in cormnection with Egns. 1-1 and
1-2, it is absolutely essential to accurately know Ea, "“the

energy of activation"” and A, the "pre-exponential term," as




a function of the temperatures and pressures over which the
model is to be used. This is particularly true of E&a wupon
which the burning rate is exponentially dependent. Again, it
is not possible to calculate these quantities; and the
modeler is forced to rely on their empirical determination
- gererally from thermal analysis/decomposition experiments.

Experimental difficulties and equipment limitations
have largely limited thermal analysis to temperatures,
heating rates, and pressures that are well below those faound

in combustion. There is no reason_ to assume that data fram

decomposition studies at conventional conditions are rele-—

vant to combustion situations, although, they are aoften used

for lack of better informationm., DSC, DTA, TGA, TVA, etc.,

with heating rates on the order of 0.5 °C/s, have been

used to estimate Arrhenius parameters aof a number of propel-

lant related materials. However, Bouck, Baer, et al. (141
note that "Several important questions concerning the
applicability of these laboratory tests to . . . caombustion
conditions have never been adequately answered.” The most

serious question concerns validity of extrapoclating data
obtained at heating rates of 1 °C/s to combustion situa-
tions, wherein the rates may range from 10! °C/s. in
one-atmosphere flames, to as high as 105 °C/s in propellant
combustion. While these low rate techniques are very
suitable for matérial characterization, for example, propel-

lant ingredient aging studies and polymer degradation, they




are not necessarily relevant to combustion and other high
rate phenomenun! F. Farre-Ruis and G. Guiochon [15]) have
shown that heating rate and heat flux to the sample are the
controlling factors in polymer decomposition. It has also
been shown [14] that various <crosslinked polymers gave
high-rate pyrolysis results that were quite different than
those in low temperature DSC studies. In addition, high
temperature exotherms were observed in high-heating-rate
experiments (conducted in air) that were naot ohserved in
psC.
Presumably, when temperature-sensitive materials are
heated at low rates to high temperatures, slaw
low-temperature reactions are permitted to proceed,
extensively modifying the virgin material before
high temperatures are reached; thus the same high
temperature pyrolysis mechanisms are not observed.
141
Indeed, at conventional heating rates, the sample |is

usually Completely decomposed long before reaching the

temperatures at which most of the décomposition occurs in

combustion. The relevance of typical decomposition studies
t mbustiaon i therefore necessaril suspect.

This situation dictates that new experimental methods
must be developed with a s.rateqy for applicability to
higher temperatures, elevated heating rates, and high
pressure environments. The experimental designs should be
predicated on: the objectives of the study, the nature of

the material under investigation, and most importantly, the
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conditions of the process to be emulated.

1.3 Present Work in Perspective

1.3.1 Thermal Decompaosition of Polymers

Polymers are a unique class of materials. Unlike low
molecular weight substances, their physical and chemical
properties; such as,; molecular weight, density, melting b
point, boiling point, thermal conductivity, decomposition p
temperature, vapor pressure, solubility, and reactivity are ]
not well defined. These properties often vary from sample to
sample or even within a sample; polymers have been shown to J
be non-isotropic with respect to thermal, mechanical, and 9
even chemical behavior. These unique praoperties are engen-

dered by variations in: molecular weight distribution, the

.

degree of crosslinking, crystallinity, methods of prepara-
tion, additives, as well as the ratios of constituents in
co-polymers. Indeed polymers may be viewed as composite
materials in their own right.

This comblexity underscores the need to interpret
experimental results with some reserve. These results can
depend heavily on the physical and chemical makeup of the
sample, with the result that inter-laboratory agreement is
often poar. Thorough characterization of samples is the anly

way to mitigate this problem.

Mass loss which occurs during polymer pyrolysis is

— e
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essentially a degradative-vaparization process; polymer
molecules are too large for vaporization to occur without
substantial ‘"cracking" (16]. Kinetically, pyrolysis can be
divided into three categories: rate proportional to surface
area - the rate limited by molecular vapaorization; rate

proportional to surface area and inversely proportional to

sample thickness - diffusion controlled vaporizatien; and
rate proportional to current weight of sample - kinetically
limited.

In kinetically 1limited pyrolysis, the rate of mass
loss, and hence vaporization, is controlled by the rate of
bond rupture, which would of course be directly propor-
tional to the weight of the decomposing polymer. Bond
rupture is normally the rate determining step in polymers
having no low molecular weight constituent, however, under
certain conditions the rate of vaporization can be the rate
controlling factor.

The maximum theoretical rate of vaporization of a
material at a given temperature will occur in a vacuum, this
represents the greatest upper bound on the mass loss rate
due to vaporization. As long as the rate of caonversion to
products remains less than this rate, the process will be
kinetically limited.

Diffusion controlled vaporization is primarily of
importance in cases where the sample size 1is large, and

decomposition takes place throughout the bulk of the sample.
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Due to the poor thermal conductivity of polymers, tempera-
ture gradients in combustion are large and thermal waves in
the solid are thin. Therefore, diffusion should prove
unimportant, although, it may be a factor in the low heating
rate pyrolysis of bulk samples. (See TGR results Figs. S-la
and S-1b.)

Several broadly defined mechanisms are recognized 1in
the non-oxidative thermal decomposition of polymers: a
number of polymers "unzip'" from the chain ends to vyield
almost one-hundred percent monomer, while on the other
extreme, many polymers exhibit a "random" chain scission
mechanism, vyielding varying amaounts of monomer along with
smaller and larger fragments. The behavior of other polymers
falls somewhere in between these two extremes. In addition,
some polymers, Poly(vinylchloride) for example, decompocse
through the elimination of small stable molecules. This can
occur with simultaneous or subsequent main chain breakup. A
given polymer can tranmsition among these mechanisms depend-
ing upon the physical conditions controlling the pyrolysis
at the time.

"Unzipping" to monomer is highly favored in polymers
with tertiary carbon atoms such as PMMA and poly(a-methyl-
styrene). This mectanism is characterized by the easy
volatilization of opyrolysis products with little or no
change in the molecular weight of the sample, at least in

the early stages of the decomposition. Monomer vyield isg
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also favored in structures and reaction environments where
the formation of free radicals is favored. Large amounts of
available hydrogen and chlorinre (not fluorine), which
scavenge free radicals, discourage their formation, and
promotes the generation of random fragments. Teflon, for
example, completely devoid of hydrogen, yields 100%4 monomer
at moderate temperatures.

Even so-called random chain scission is not entirely
random; it has been demanstrated that many of these type of
polymers decompose through a ‘'"backbiting" mechanism, at
least at low temperatures. Chain ends loop back to faorm
ring structures with the main c¢chain, and chain scissian
occurs at the point of locop-back, followed by ring opening.
The number of carbons per ring is influenced by such factors
as ring-strain, steric hindrance, and stereo-chemical
factors. The most probable number of carbeon atoms in the
fragment are six or seven depending upon temperature. Random
chain scission is characterized by a rapid reduction in
molecular waight of the sample during the early stages of
decomposition,

These mechanisms hold below about S00 °C depending uponr
the thermal stability of the polymer. At temperatures in
excess of this value, the amounts of monomer are signifi-
cantly reduced, and products contain more fundamental
fragments. Table 1-3 gives the yield of monomer for various

polymers wundergoing pyrolysis in vacuum (the large mean-
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free~path eliminates obscuring secondary reactions); the
decreased monomer vyield with temperature is apparent.

The pyrolysis products of a particular polymer are,
therefore, not necessarily unique. The product yield can
depend upon temperature, heat flux, and pressure. Variation
in product distribution, which implies variation in the
overall mechanism, could also affect vaporization rates;
both could certainly influence the magnitude of measured of

global kinmetic values.

Table 1-3. Moncmer Yield of Polysers with Temperature, [17]

Percent yield of sonoamer
based upon total volatiles

Polyser At S0 C At 800 *C At 1300 ¢C
Folyethylene 2,¢3 3.3 24,4
Polypropylene 0.4 17.9 15.8
Polyisobutylene 36.5 89.0 13.9
Polvstyrene 510 10.3 0.0
Poly(aethylsethacrvlate! 9.2 31.8 12.9
Polyttetrafluorcethylene) 96.4 91.2 78.1
Poly(a-sethylistyrene) 100 38.5 7.7

1.3.2 Glabal Arrhenius Parameters

Virtually all combustion models to date [1-7) assume an
Arrhenius type dependence to describe the binder decomposi-
tion on the propellant surface, and, for the most part, these

parameters have been taken as constants - independent of
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temperature, heat-flux, and pressure. Only recently have
attempts been made to measure these quantities under condi-
tions similar to combustion. [18-30]1 1In the past, values
obtained at low heating rates and temperatures,; were often
used ¢to extrapolate reaction rate constants to regions far
outside of the domain of applicability; implicit in this
approach is the assumption is that the pyrolysis proceeds
through a one-step reaction whose rate 1i1s a function of
temperature and is independent of other physical processes.
More realistically these "global" values should be measured
throughout the domain interest, where "effective" Ea’s and
A’s cauld be interpolated based upon the "local" conditions.
Without a_priori knowledge of the details of the pyrolysis
process (which is often unavailable), Arrhenius parameters
must be assumed to be "global”". In order to examine how
these global parameters depend upon the details of the
system, it is helpful to recall some of the fundamental
aspects of chemical kinetics.

Energies of activation and frequency factors are
familiar and fairly well understood concepts of chemical
kinetics. They are usually explained in terms of elementary
gas phase reactions, In this context, the energy of activa-
tion can be loosely envisiorned as an energy barrier between
reactants and products, while frequency factors can be
related to the molecular collisian or vibration frequency,

and the reactant concentration. For the reaction to proceed
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to completion at an appreciable rate, there must be a
sufficient number of reactants or activated complexes
possessing energies in excess of this barrier potential.

This simple description can be extended to species in
solution or even to reactions in the solid state, particu-
larly if the reaction is a simple, one-step processes, which
occurs at modest rates. The literature is replete with
analytical and numerical methods to determine Arrhenius
parameters which are based upon this simple model. When an
attempt is made to apply these analytical methods to "com-
plex processes", where species can undergo a variety of
chemical and physical changes as function of the state
variables, serious questions arise as to the validity of the
calculated Ea’s and A’s.

Gontkovskaya, et al. 31,331, have recently investi-
gated the thermal decomposition of a material, subjected to
a linear temperature rise, decomposing yia two parallel

exothermic reactions, Egqn. 1-4.

P (1-4)

Here P is the reactant and n. and nm are the respective

products. Their theoretical investigation involved the
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salution of the following equations:

dn‘ 'E|/RT
f3r = A, € (1-n:-n2) (1-Sa)
s
d: £, /RT _
P L. (138

S

dT

-£./RT
CpB—dT; = 2 QAe Y
L

(T - T (1-Sc)

Jon

(L-m-n) - a

(1-3ad>

where Eqns. 1-Sa and b are the rates of generation of the
products, n, and ne respectively, and Eqn. 1-5c represents
the energy balance for the material in an environment
(subscript s) heated at a constant rate, 4. Egns. 1-3d,
state the 1initial conditions. In the numerical solution of
the non-dimensional form of these equations, &, and Qe the

heats of reaction, were taken as equal and E, was always
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less than E=. Calculations for varigus ratios of the

pre~expaonentials, and for ratios of the activation energies

show that, from the thermogqrams (decomposition curves)

-

alone, it is impossible to determine whether one or several

reactions are taking place! In any case, the first reaction

to start is always the one with lowest activation energy,
however, the question of how rapidly the second reaction
starts and by what path the bulk of the conversion takes
place, depends upon the ratio of the rate constants and the

heating rate. The higher heating rates promote the course of

the reaction with the higher activation energy, indeed, for
Am/A, = 104 and E,/E. = 0.8, over 90% of the reaction

proceeded via the path with the largest activation enerqgy!

It is further shown that, in principal, it is possible to
describe the net' rate of conversion of P decomposing by
several parallel reactions through an effective rate expres-
sion Egn. 1-4., where n represents the fraction of P remain-

ing at any temperature.

Q ) _ ,
.;1% - YAeffe["eff@/“ €e .., o)

In this expression, Gatt » is the effective nondimen-

sional activation energy where, Eett = Tofy -Ea.
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Eetr = 21 $E (1-7)

where ¢, 1is the relative rate of ¢the 1i-th reaction.
This implies that the effective activation represents linear
combination of the activation energies of all parallel
reactions which are in progress. These 4§’s and consequently
the Eetf depend upon heating rate. Since most traditional
methods of analysis presume that the kinetics are described
by Egn. 1-6, it is not surprising that results found in
traditional TGA experiments and high-heating rate work often
differ substantially.

The situation is further complicated if one considers
vaporization in the overall rate of mass loss. Chaiken [281]
observed a decrease in Ea at high temperatures to levels
which could not be accounted for on the basis of molecular
structure. (In principal, the lower limit of the activation
energy should be the bond energy of the weakest bond in the
molecule.) He postulated that an apparent activation energy
of 11 kcal/mole from the linear pyrolysis of PMMA at tempér-
atures above 4600 °C, corresponded to the heat of vaporiza-
tion of PMMA monomer - the mass loss is limited by the rate

of vaporizatiaon, The overall process can be represented by
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Egn. 1-8.
klv &
k] nlc nlg
P K (1-8)
k —_—
2 n2c nZg

The upper molecular limit for the vaporization of large
organic structures has been investiqgated by Wall (161].
Contrary to statements made in (91, it has been shaown that
the rate of mass loss, in grams/s,

due to evaporation can be

represented by an Arrhenius type expression, Egn. 1-9,

e.AE-' /RT (1-9)

AS R
-T2 [6.25 (- }éae =

from which may be derived a temperature dependent activation

energy, Eqn. 1-10.

€, 4B + RT/2 = &H_+ 3RT/2 (1-10)

vVaporization is therefore a result of the fraction of
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molecules which have sufficient enerqgy (Ea in the previous
equation) to overcome their cohesive forces of the medium.
Since both kineticg and vaporization have the same func-
tional form, both effects may contribute to the ogg¢. in Egn.
1-6. In addition, Since heating rate can influence the
overall kinetics of sequential reactions (32,33], under
appropriate conditions it is possible that either k,. or ka.

may dominate in Egn. 1-8. Therefore, the assumption of

cognstant Arrhenius parameters, implicit in virtually al

traditional data analysis schemes, is not necessarily

correct in the case of complex processes.

A global Ea is not an Energy of Activation in the
strict sense - a col point on a reaction-cgordinate vs.
potential-energy surface. It is a lumped parameter which
must be empirically determined. [t is "constant'" only in so
far as the relative contribution of the participating
reactions and physical processes do not greatly change
during the course of the decomposition. Therefore constancy
in these parameters can be safely assumed anly if the
decomposition is steady, and takes place over a relatively
narrow range iﬁ temperature, heat-flux, and pressure.

In connection with polymer pyrolysis, the Arrhenius
equation should be used as a heuristic relation based upon
notions from statistical mechanics and collisional gas
dynamic theory. The Arrhénius parameters should be taken as

representing some sort of weighted average of the individual
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parameters for the of instantameous reaction set. These
parameters should be viewed as merely numbers used to fit
the Arrhenius equation to the experimental data. However the
importance of the numbers should not be underestimated.
These numbers, if experimentally known, over the conditions
for which the model is used, represent the definitive
description of the processes occurring in the domain of
interest:

1.3.3 Rapid Pyrolysis - State of the Art

In recent years, a number of scientists [18-301 have
been designing experiments which try to more nearly approxi-
mate conditions found 1in combustion. Experimerits of this
type can be divided into two groups: "rapid uniform heating
or bulk-pyrolysis"” (RHBP) experiments, and the so-called
"surface or linear" pyrolysis (LP) experiments.

The bulk pyrolysis experiments attempt to rapidly heat
samples, sufficiently uniformly, such that thermal gradients
are reduced to 'a minimum and may be neglected in the analy-
sis. Some waorkers (18] assume that samples can be heated to
a known temperature without substantial loss of material, in
which -case, an "isothermal" analysis is applied at the
various final temperatures. OQther methods provided for a
non-isothermal analysis on samples subjected to a rapid
"uniform" temperature rise. In general, both methods require

extremely thin samples coupled with very powerful heating

techniques.
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Linear pyrolysis experiments are designed so as to
replicate details of the combustion as much as possible.
They attempt to reproduce the high heating rates, surface
temperatures, and high thermal gradients, found in combus-
tion. However, this is often coupled with some uncertainty
in these values; as these experiments become more "combus-
tion—-like", the same difficulties are encountered in measur-
ing these quantities as are encountered in actual combustion
situations. The benefits. of this type of approach over
conventional TGA normally ocut weigh these uncertainties. The
highlights of this work appear in a review by McAlevy and
Blazowski (241].

Surface pyrolysis measurements include surface regres-
sion rates and temperature; estimates of thermal gradients
are made where possible. "Surface kinetic" parameters are
extracted from this data using Arrhenius plots(28] . More
elaborately, Houser [9] determines these quantities from
"measured" surface temperatures, and estimated thermal
profilés at several mass regression rates. The HRBP exper-
iments rely on the more traditional methods of analysis of
Arrhenius plaots and modification of techniques used in the
slow heating rate methods [101].

Linear Pyrolysis. Experiments to investigate the
pyrolysis of materials in environments somewhat similar to
combustion began in the mid-nineteen-fifties. This work was

in part motivated by the propasal of Wilfong, Penner, and
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Dariels (8], that the burning rate of a solid material
should be equal to the decomposition rate of the solid at a
temperature equal to the steady-state temperature of the
burning surface, T¢ . They further proposed that the
rate-determining step would be the unimolecular decomposi-
tion of molecules at the burning surface. This all implied
that the rate of linear regression could be described using
the an Arrhenius expression and zero order kinetics, Eqgn.

i-11

r = A e E/RT (1-11)
(2ero order, since, the concentration of surface
reactant/area is constant (in a homogeneous material)

- surface molecules are continually being renewed by the
formation of fresh surface.)

Among the first linear pyrolysis experiments were the
so—-called "hot-plate" experiments oariginally devised by
Shultz and Dekker (261 and later improved by Barsh(271. In
these experiments, a sample is pressed with constant force
against a hot-plate of known temperature, and the linrear
regression rate is measured. Temperatures are either deter-
mined by a thermocouple in the hot plate or a thermocouple

sandwiched between the hot-plate and the sample. Arrhenius

e
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type plots of the mass regression rate vs. 1/T allow for the
calculation of apparent energies of activation. Shultz and
Dekker [26], using a "hot-wire" pyrolysis technigque, meas-
ured the Arrhenius parameters of PMMA and found Ea = 27.5
kcal/mole, A = 1.88 x 10®, at temperatures between 450 and
503 °C. They conclude that the rate controlling mechanism is
probably the same as that in low-heating-rate bulk pyrolysis
- the depolymerization of the condensed polymer on the
surface. In subsequent work by Cocates aon AP (23], the solid
hot-plate is replace by a porous plate, thus reducing the
build-up of pyrolysis.gas in the vicinity of the surface -
the principal cause for ambiguity in surface temperature in
earlier work. Pyrolysis gases are removed from the back side
of the porous plate through the application of a vacuum,
Coats work focused mainly on solid oxidizers. Chaiken, et
al. (281 applied the hot-plate method to the pyrolysis of
PMMA, using an apparatus that permitted much higher tempera-
tures than could be obtained by Shultz and Dekker, but,
without the benefit of the porous plate. (Presumably,
polymers would clog the porous plate). Investigations on
both linear and crosslinked PMMA revealed two distinct
energies of activation: =226 kcal/mole at temperatures less
than 400 °C, in close agreement with that of Shultz and
Dekker and a value of 11.2%0.06 kcal/mole at temperatures
between 6346 and 400 °C, The effect of crosslinking was to

increase rates across the entire temperature range but nrot
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affect the Ea’s. It is pointed out that this unusually low
value for Ea cannot be reconciled on the basis of bond
rupture as the rate controlling step, but, is more consis-
tent with surface desorption of the monomer whose heat of
vaporization is reported to be 9.2 kcal/mole at 100 °C. The
experimental data suggests that the polymer decomposes by a
"first-order" surface—-depolymerization to monomer which at
low temperature is kinetically 1limited. Whereas at high
temperature, the surface becomes saturated with monomer and
the vapnrization is the rate controll}ng step!

The principal criticisms leveled at the "hot-plate"”
experiments are largely aimed at the interferences of the
pyrolysis products with experimental measurements/condi -
tions. The actual surface temperature of the sample and
hot-plate may differ due to the interposed pyrolysis gas
layer. Moreover, the regression rate may be influenced by
the accumulation of gases at the interface; these emerging
pyrolysis gases flowing radially across the surface may
produce erosive conditions not found in combustian. As far
as is known to the author, no report of this technique being
used at pressure has been published. Whether this 1is an
oversight, or that experimental difficulties preclude this,
is not clear. Notwithstanding these limitations, the hot
plate technique, especially the porous plate experiments,
provides the most clear cut approximation to combustion to

date which permit a definitive estimation of the important

-

1
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variables.

In a attempt to overcome some of the uncertainties

associated with the hot-plate experiments, McARlevy et al.

[22), performed experiments using a "self-neating diffusion-
flame" technique. In this work, an oxidant gas is directed
at the surface of a PMMA sample and a diffusion flame is
establ ished above the surface. The sample, the lower portion
of which is water cooled, automatically advances, thereby
keeping the sample surface stationary. The "apparent
surface brightness temperature” is measured optically using
an infrared radiometer which "looks" through the pyrolysis
gases, and also by a 13rm bead thermocouple embedded in the
polymer. ' Using this apparatus, the authors were able to
determine '"surface energies of activation" for a number of
polymers, (but not pre-expanentials), at heat fluxes around
10 cal/cm2-s, surface temperatures around SO0 °C, surface
regression rates of .32 - .08 mm/s, and pressures of one
atm, Accurate measurement of pre-exponentials requires
precise measurement of the emissivity of the polymer sur-
face. Temperature data obtainmed fram thermocouple measure-
ments showed considerable scatter as was the case in earlier
studies (11]J. McAlevy found an Ea for PMMA of 37 kcal/mole
over a temperature range of S30 - 490 °C. A ligquid layer was
observed on the surface of the PMMA. It was concluded that
in the hot plate technigue, the temperature measured is that

of the solid-liquid interface, whereas the optical tech-
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nique measures the temperature of the liquid-vapor inter-
face. Values of E, reported for linear PMMA are between 47
and 62 kcal/mole while the values for the craosslinked
material are 39-47; it is not clear over what ‘“apparent
surface brightness temperature"” the PMMA data was collected
although it appears to be in the range 500 - 00 °C. The
spread in these values is interpreted as a temperature
dependence of the activatiaon energy, nevertheless, these
values are substantially higher than those obtained by
Chaiken. No explanation is given for this discrepancy. It
is concluded that there is not a single temperature indepen-
dent mechanism which controls the decomposition mechanism in
the case of PMMA., Experiments were performed on PBAN and
CTPB, but surface charring prevented. meaningful temperature
measurements: apparently, radiomefric temperature measure-
ments are unsuitable for the temperature measurement of some
important propellant binders.

Cohen, et al. (251, in an important paper, examined a
number of praopellant related polymers in a linear pyrolysis
experiment which used radiative heating to pyrolyze samples
at heat fluxes up to 200 cal/cm?-s and pressures up to 1000
psi. Mass loss was again measured by discontinuous weighing
of the sample on an analytical balance after an exposure to
various heat-fluxes for arbitrary periods of time. Surface
temperatures wére measured using an infrared radiometer

"looking" through the pyrolysis products of the samples;
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these samples contained carbon to permit the assumption of
black-body conditions. Kinetic and heat of decomposition
data were determined for the various paolymers, the results

of which are given in Table 1-4,

Table 1-4. Xinctic Constants from mef. (25]).

HTPO CTPB PBAN

Ea, kcaliaole 16.9 10.5 18,
Ay J/cad 299 12.8 270
2. calig 433 381 %64

=

As with the work of Chaiken, the striking feature of this
data is the unusually low values of the Ea’s; these results
cannot be correlated with polymer structure sirnce, for
example, the bond energies of the C-C bond are of the order
of 80 kcal/mole and C-H bond is about 108 kcal/mole in HTPB.
Without the presence of AP all polymers exhibited molten
surface layers. Evolved gas analysis was performed using a
mass spectrometer (low pressure tests). The major species
to appear were heavy hydrocarbons with the greatest variety
in the HTPB tests (mass numbers 82 and 84 predominate - a
value consistent with a backbiting mechanism); results

indicate that heavy hydrocarbons are more representative of
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fuel species in the AP-binder diffusion flame than the
previously assumed methane fuel. The authors also measure
heats of decompoéition for the polymers which are an order
of magnitude greater than previously assumed. Calculations
performed by Cohen (251, using these newly measured values
in the sa-called Derr, Beckstead, Price combustion model
(4], suggest that: the flame temperature and primary flame
kinetics are the mast important factors influencing the
burning rate, the heat of decomposition has anly a secondary
effect on the rate and, the magnitude pre-exponential term
for the pyrolysis has only a minor effect. In addition,
they arrive at the surprising conclusion that the kinetics of
polymer pyrolysis are independent of heat flux and pressure.
The various binders exhibit a range of kinetic constants,
but the activation energies do not =xceed 17 kcal/mole, they
believe that bond rupture 1is not the rate determining
factor. The magnitude of the forgoing kinetic parameters,
coupled with the mass spectrometer tests, appear to support
the work of Chaiken. The forgoing tends to lend support to
the argument of Chaiken that the rate determining step is
the vaporizationmn of large hydrocarbon fragments from the
surface - at least under conditions of high-heat-flux and
high temperature. If, however, vaporization 1is the rate
controlling mechanism, the rate, contrary to the findings in
2351, would certainly be a function of pressure. Consider-

able controversy exists in the literature as to whether the
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rate limiting step far the surface pyrolysis is a chemical
or physical process.

While all these linear-pyrolysis techniques have made
significant strides toward making meaningful kinetic
measurements, all possess certain limitations which impede
the accuracy of the data. Hot-plate experiments, which
permit the determination of excellent mass regression rates,
suffer from uncertainty in the temperature and possible
erosive effects. On the other hand the diffusion flame
approach of McAlevy also suffers from ambiguity in tempera-
ture measurement due to the lack of information of on the
emissivity of the polymer surface as a functiaon of temperé—
ture. This is partially overcome in Cohen’s work by the
addition of carbon black to the specimen, but here mass
regression estimates are made by discontinuous weighing
which introduces some uncertainty in the result. Neverthe-
less, this method permits samples to be pyrolyzed at heating
rates more meaningful to combustion thanmn do most other
approcaches.

Rapid Heating Bulk Pyrolysis. In 1961, S. Kohn [19], in
connection with work an high temperature ablation of polym-
ers, recognized the importance of elevated heating rates,
and designed a “"rapid" TGA and DSC. The "rapid" TGA suffered
from several shortcomings. Samples were heated by rapid
intrnduction into a furnace to effect heatiné; heating rates

were on the order of 20 °C per second. Mass measurements
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were made discontinuously - the experiment was interrupted
after a given time and the sample removed and weighed. Time
required to cool the sample prior to weighing was as much as
eighty seconds! This, the author points out, was a major
drawback of the apparatus which makes it difficult to
interpreg results. Sample sizes are relatively large, 100
mg and due to the poor thermal conductivity of polymer,
thermal gradients across the sample are large. Temperature
time relationships could not be determined during the tests.
Given these facts, determination of kinetic parameters
proved impossible; "at most, it may be expected that some
information about the endo- or exothermal nature of the
degradation may be. . ." ascertained.

Somewhat later, Shanmnon and Erickson (21], studied the

thermal decomposition of some polymers used as binders in

salid propellants. The methods wused 1included DSC (80
°C/min.), radiation furrnace (4 - 10 cal/cmi2-sec), and
flash—-heating techniques ( no " estimate given); the three

techniques being used to praovide three levels of heat flux.
In the radiation furnace method, samples were rapidly
inserted into a furnace for certain periocods of time, and
weight-loss was intermittently recorded as a function of
total energy absorbed. In' the flash-heating experiments,
samples were suspended from a micro-balance and mass conti-
nuously recorded as a function of total energy absorbed.

Results in all cases were largely qualitative in nature. No




spiheinaths

33

effort was made to estimate sample temperature, nor was any
attempt made to determine kinetics.

Some of the best work in rapid-heating bulk-Pyrolysis
and in high speed decomposition has been done by A. D. Baer
et al. [10,14,18,201. In 1973 (14] Bear reported work on a
high speed thermal decamposition technique which produced
data very similar to that aof a DTA. In this work, "unsup-
ported", 100Hm thick, polymer films were heated by radiation
from a 1200W projection lamp; heating rates were measured
using an infrared radiometer at about 300 °C/s. Since the
sample is not in contact with an "infinite'" energy reservoir
as in DTA,; heat evolved due to reaction produces a permanent
temperature change in the sample. The data is reported in
the farm of AT vs. T. Thedl is derived from the difference
in the measured sample temperature and a calculated tempera-
ture of an inert sample exposed to an equivalent heat flux.
Estimates of temperature differences across the sample were
not more than 10 °C. The principal advantages of the
arrangement are: low thermal inertia, small sample size, may
be operated at pressure, and is suitable for crosslinked
polymers. The principal disadvantages are that low heating
rates are not possible in this technique, therefore data
cannot be compared with classical methods; data is insuffi-
cient to estimate kinetic parameters; and that 4T estimates
rely in part on calculated values. The most significant

result of this wark is that paolymers exhibited high tempera-
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ture "exgtherms'" which were not observed in low temperature
thermal analysis! The authors suggest, that at the even
higher temperatures and heating rates characteristic of
propellant processes, yet other reactions may be observed.
In addition, polymers investigated remained intact ¢to
temperatures as high as 700 °K, In 1977, Baer, Hedges,
Seader, et al., in a singular paper (201, reported another
fast heating approach, which was used to characterize
materials used as ablative 1insulators. The instrument, a
form of TGA, heated 25 -~ 125Hm polymer films at rates of 70
°C/sec in a Ny atmosphere. Samples were coated on an
electrically heated 25Hm metal strip; the temperature of the
strip was determined using an infrared radiometer on the
side opposite to the sample coating. Pre-weighed samples
were heated at a constant rate to a predetermined tempera-
ture. Samples were then quickly cooled, by a blast of cold
nitrogen, at rates estimated to be 830 °C/s and subsequently
weighed. Repetition of this procedure . produced a non-
continuous set of data in the form of residual-weight as a
function of temperature for constant heating rates. Samples
were evaluated on this apparatus at variety of heating
rates, and on a conventional TGA at low heating rates. In
addition, the authors determine kinetic parameters for the
samples - three Neoprene/acrylonitrile butadiene composites.
The finding of major significance in this work, is that

decomposition curves predicted by extrapolation of the
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conventional TGA data are greatly different than observed
under the rapid pyrolysis experiment. As far as is known

this is the first example of kinetic data from a rapid bulk

pyrolysis experiment, unfortunately, no data is provided on
common polymers. Some wuncertainty is implicit in these
results, since mass measurements are made discontinuously,
and there is no way to determine the effectiveness of the
"rapid'" Qquench procedure. Some decomposition may occur in
the time between max-temperature and sample weighing. In
subsequent work in 1978 (201 and a related paper of 1981
(181, 1ignition and degradation test‘ were conducted on
several neat-polymers, however, these tests were performed
in air which makes comparison with the N2 tests impossible.
It would be forturnate if these tests could be repeated in
an nitrogen atmosphere and analyzed according to the methods
of C(141. The purpose of the work presented in (18] was to
investigate polymer ignitiom under approximated fire condi-
tions, and to determine polymer decomposition kinetics at
high heating rates. The instrument used in the .ignition
tests was similar to that used in the 1977 study; it heated
25 - 125um polymer films at 200 °C/s; this experiment
measured ignition temperature as function of heating rate.
In the decomposition work, unlike the 1973 study, samples
were heated in air at 1000 °C/s to a constant pre-defined
temperature, where the material was allowed to decompose

"isothermally". The implicit assumption of course is that
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no decomposition takes place during heating. The rapid
decomposition experiments produced mass loss vs. temperature
data. Somewhat arbitrary, mechanisms were proposed for the
isothermal decomposition of mylar and polyethylene; global
kinetic parameters were calculated.

The rapid heating bulk-pyrolysis methods permit pyroly-
sis to be performed under more definable conditions than |isg
apparently possible with linear pyrolysis. Rapid heating of
thin films, in contact with metal surfaces (heat sinks),
provides for uniform sample heating, and permits accurate
measurement of 'temperatures. Emissivities of the metail
supparts can be determined as a function of temperature, and
therefore permit more accurate optical temperature measure-
ments. These methods are also amenable to high pressure
operation. Besides the assumption of mo mass loss during
sample heating, the principal drawback of this type of

experiment appears to be discontinucus mass measurement.

1.4 Objectives

Mindful of the foreqoing, an investigation into rapid
pyrolysis was undertaken. This investigation focused on the
construction of a TGA which would operate at heating rates
beyond those obtainable with conventional instruments.
Samples were limited to pure materials, thereby avoiding the
compiexity of ingredient interaction.

The long term obijectives of the research are to
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underscore the need for experimental methods which address
the combustion environment, and to explore theoretical and
experimental techniques which can provide the‘needed data.
The short term objectives of this work were: firstly,
to review previous theoretical and experimental developments
in rapid pyrolysis. Secondly, build an apparatus capable of
measuring, at elevated heating rates, the extent of sample
decomposition as a function of temperature. Thirdly, to
extract Arrhenius parameters from this data, and lastly, to
apply the foregoing techniques to kinetically analyze HTPB

and PBAN during high rate pyrolysis.
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CHAPTER 11
APPROACH
2.1 Overview
The determination kinetic parameters during rapid
pyrolysis, requires techniques which can rapidly heat

samples, while simultaneously making the recessary high
speed mass and temperature measurements. Ag indicated in
the last chapter, the performance of any aof these tasks
independently 1is a relatively straight forward matter;
nowever,; designing an instrument to make the concerted
measurements is much more difficult. An investigation into
rapid heating and mass measurement technigues was therefore
conducted; this investigation resulted in the design and
canstruction of new type of thermogravimetric analyzer. A
sketch of this instrument is shown in Fig. 2-1. The device
relies on vibratiaon to perform rapid mass measurements. The
sample ( £ 1 mg. )y, a polymer dissolved in a solvent, is
“painted” on a small metal strip which has been cemented in
the free end of a quartz tube. [t is surrounded and pyro-.
.lyzed by a non-contact heating device, such as a furnace or

an RF induction~-heater.
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Fig. 2~-1 Sketch of the Vibration-based-TGA. (VTGA)

If the tube is excited in transverse oscillation, the
period of oscillation 1is directly proporticnal to the
instantanecus sample mass. As the material pyrolyzes, the
resonant vibration frequency of the tube (really the system)
increases. Monitoring the changé in frequency ar period
provides a means of estimating the instantaneous sample
mass. The frequency is determined using a laser-photodiode
pair. The laser ( 1.0 mWatts ) "looks" across the tube at
the photodiode, the output from which is a sinusoidal
signal whose frequency is identical to the frequency of the
vibrating tube. This signal is fed-back into the vibration
exciter which excites the tube at the current resonant

frequency of the system. This electrodynamic feedback-loop




40

causes the tube to be continuously excited at the instanta-
neous resonant freguency, thereby making a continuous mass
measurement possible. The system can be calibrated by
application of known masses. The actual amplitude of
oscillation is less than a millimeter., Sample temperatures
are measured by a fine wire thermocouple "embedded" in the
metal strip upon which the sample is coated. This,; unlike
conventional TGA’s, places the sample in good thermal
contact with the thermocouple and permits the measurement of
the actual sample temperature rather than the furnace
temperature. The functional parts of the system are
enclosed in an chamber so that tests may be performed in an
inert atmosphere, Frequency and temperature data are
acquired on a two-crannel, 2 MHertz "digital oscilloscope
interfaced to a microcomputer, to which data is transferred
for subsequent analysis. (See Appendix A.) A typical output
is 1illustrated 1in the oscillograph shown in Fig. 2-2; this
figure shows the output of the mass and temperature data
lines during the low-heating-rate decompaosition of HTPB. The
top curve in this figure is the amplified thermocouple
output, while the lower curve is generated by passing the
feedback loop signal through a frequency to voltage con-
verter (FVC). This last curve, is proportional to the
instantaneous resonance frequency of the system, and there-
fore inversely proportional to the instantanecus mass

loading, represents the fractiom of material vaporized. In
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Table 2-1, the parameters asscciated with the data of Fig.
2-2 may be found. In essence, the system depicted in Fig

2-1 is a Vibrational-TGA (VTGA).
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Fig. 2-2. Oscillograph - Typical Output of VTGA.

In order to demonstrate the functionality of the
instrument several tasks were accomplished. Firstly,
selected polymers were kinetically analyzed on a conven-

tional thermogravimetric analyzer.
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Table 2-1. Parameters for Curves in Fig, 2-2.

Apparatus: VTBA
Material: HTPB
Heating Rate: 3.3 'C/s
Sample Size: 2 1.0 ag
Juart: Tube Geosetry: See Fig. 3-1

Secondly, Arrhenius parameters were then extracted from
this data using a modified form of a classical data reduc-
tion scheme from the literature. These values serve as
baseline data. Thirdly, these polymers were re-evaluated on
the new VTGA under comparable conditions. This was to
demonstrate that the new instrument is indeed a functional
thermogravimetric anmalyzer. Lastly, these polymers were
again evaluated on the VTGA at increased heating rates to
assess the capabilities of the nmew instrument; results are
examined in terms of the scant elevated heating-rate data in

the literature.

2.2 Pressure Dependence

No high pressure tests were performed in this work,
al though, the functional parts of this prototype instrument
were selected such they would be suitable for implementation
at high pressure. Unlike- combustion, results from the
proposed experiment should be a weak functions of pressure,

particularly if the rate conrtrolling step for the mass loss
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1s the surface decomposition kinetics. Strictly speaking,
rates of condensed phase reactions are independent of
pressure. In combustion situations, however, pressure
controls the position of the gas phase combustion wave
relative to the deflagrating surface, this in turn influen-
ces the heat flux to the surface. In the present experiment
heat flux 1is controlled by the power input by the heating
unit; a gas phase combustion wave does not exist. There-
fore, pressure 1is expected to have a minimal effect on the
overail results. If, however, the rate controlling process
is vapori;ation, pressure would certainly influence the
results. It is interesting to point out that in experiments
such as the diffusion flame work of McAlevy [22], and in most
combustion type experiments, the effects of pressure and
heat flux are coupled. In most RHBP, which includes the
present experiment, heat-flux and pressure are decoupled and
can be varied independently. Subsequent work should examine
the dependence of the results on the systematic variation of
these parameters. This also re-emphasizes the importance of
performing experiments under conditions where the heat-flux

matches that of the "real world" process being emulated.

2.3 Data Analysis
As is wusually the case in TGA analyses, reactions of

the form:
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a Als)—AB_ _pb B(s) + . .. + cClg) + . ..

o
]

0, or b # (o]

are considered. In general it is possible that several such
reactions may take place concurrently or consecutively 1in
the course of the decomposition, especially when dealing
with complex substances such as palymers, The calculation
of global Arrhenius parameters requires, in the isothermal
case [(34], an accurate measurement of the fraction of sample
decomposed as a fﬁnction of time, x(t), and in the non-
isothermal case (351, a measure of the fraction decomposed
as a function of temperature o(T{(t}). The ratio of the
change in mass to the total «change in mass provides a
convenient measure of «, a non-dimensional representation of

which is given by Egn. (2-1),

m - m

a=1-y= "0 (2-1)
My~ Mf
In this expression, o represents the "fraction reacted";

Y is the "fraction remaining”, m, is the initial mass of the
sample, my is the final mass of the sample, and m is the
instantaneous sample mass. The rate of disappearance of the
sampie can be described in terms of the so-called con;ersion

function, f(¥Y) in Egn. 2-2. This equation asserts that the
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rate of mass loss is proportional to a constant, k, the rate

constant, times some function of the remaining mass.

—%F = -k fly) (a-2)

Since ¥ is by definition equal to 1~a, Egqn. (28-2) becomes:

—— = k f{l-a) (2-3)

Implicit in the foregoing is the assumption used in most TGA

analyses that the sample is thermally thin ~ unifaorm tem-
perature throughocut. That is, the measured reaction rates
must be independent of the sample thickness;.this is espe-
cially impaortant inrrapid heating experiments [25] and must
be verifi;d on a case-by-case examination.

The principal difficulty in the determination of
1 ’ Arrhenius parameters from thermal analysis experiments is
that there is basically orme equation ~ the rate equation,
and three unknowns - E, A, and n. The general approach is
to integrate the rate expression and linearize the result,

such that a plot of the data in some reduced coordinate

system vyields a straight line, where the slope is some
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function of Ea and the intercept is some function of A; n is
determined parametrically.

In general, two main approaches are normally consid-
ered: isothermal and non-isothermal methods. If the exper-
imental method can ballistically heat samples to some nhigh
constant uniform temperature before substantial decomposi-
tion occurs, the balance of the decomposition will occur at
constant temperature and an isothermal treatment of the data
may be used. This is preferable since the functional form of
f(y) can be empirically determined in this type af analysis,
and a greater understanding of the decomposition bgechanism
is possible (361. If, however, a large weight loss occurs
during heat-up, recourse must be taken to a"non-isothermal
analysis; this is always accompanied by some ambiguity in
result, due to the uncertainty in ¢the functional form of
f(y). Farre-Ruis, and Guiochon [15] paoint out that substan-
tial decomposition occurs in thermally stable polymers even
at the highest heating rates. It is due to this and other
compelling practical considerations that a non-isothermal
analysis has been selected in this work.

There are many techniques in the literature ([(37] which
permit the calculation of Arrhenius parameters using non-
isothermal data if one assumes a general functional form for
f(?). Indeed, polymer decomposition in a combustion wave |is
a non-isothermal process, and in the final analysis one

would like to program the heating rate such that the sample
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would experience the same “thermal history"” as a small
volume element in the burning solid.
2.3.1 Non—Isothermal Data Analysis.

In the ﬁast 30 years, a number of techniques have been
proposed to estimate Arrhenius parameters from non-
isothermal decomposition data; these are outlined in an
excellent review by Wall [(37]. These can loogely be divided
inta: inteqral methods, differential methods, and difference
-differential methods, each method having its own advantages
and disadvantages.

Integral methods obtain Arrhenius values through direct
integration of the rate expression. These methods, are the
most straight forward,; but generally require a priori
knowledge of the order of reaction. Differential methods
suffer from loss of accuracy due to the amplification in
data scatter due to numerical differentiation, and at times
it may be impossible to use this approach with empirical
data (37). Difference-differential methods employ finite
difference relations which are applied to data that is
collected at various heating rates. This .analysis suffers
many of the same limitations as differential methods. All
share the following ey assumptions: that the Ea, so deter-
mined, is kinetically meaningful in a chemical sense, and
more seriously, that the Ea and the pre—exponential term are
canstant over the entire temperature domain of the decompo-

sition. ( This temperature range is commonly over 200 °(C. )
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These methods, in addition, assume that Ea is canstant with
respect to the various heating rates employed. Some methods
assume first order decomposition while others determine the
order parametrically. All require a thermally thin sample,
i.e. thermal gradients within the sample are small. Cogni-
zant of "data scatter" associated with differential methods,
an integral approach was selected in the following work.

If the sample heating rate, a(T; = dT/d¢t, is wused 1in

Egn. (2-3), and an Arrhenius type dependence is assumed for

the rate constant, k, this relation becomes:

& - f(1-a) (@-u)

which is the basic differential rate expression for a
material decomposing under a programmed temperature rise.
The corresponding integral expression is given in Egn.

(2-5).

da A -E/RT g
e

_ T
flt-a) . g(T)

(2-35)
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If we assume in the first analysis, for low heating rate
cases, that f(l-«) = (l1-a)®, and that E, A, and n are
constant over the entire range of decompasition (which is
not necessarily true), and impose a linear heating program (

8 = constant), then Eqn. (2-5) becomes:

a T

A . A
Fla) = da = — | o ERT g1 = o (3-6)
(1-ai” 8 £

The left-hand-side of this equation evaluates easily to

Fo(ax) or Fola) where,

Fla)y = -in(l-a) (2-7a)
L - (1 -qiton
Fla) = (2-7b)
(l - n)
depending whether or not n = 1. The right-hand-side of

Egn. 2-4, however, has no closed form solution. The litera-
ture is replete with ;pproximatinns to this integral. Coats
and Redfern (35] have evaluated this integral by making the
substitution, u = E/RT and expanding the result in an

asymptotic series (381 to vyield,
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If the independent variable, u, is large (which is usually
the case in solids pyralysis), it is sufficient to neglect
terms of order 0(1/u®) and higher; through this procedure
one may obtain three Equations, 2-9a, b, and ¢, for the
zero, first, and n’th order cases respectively. Here M is
the "Coats and Redfern Ordinate” or the ordinate in the

reduced coordinate system.

_ a _ AR _2RT l . E -
L = In ™ = In i { E J T (2-%a)
L =in|ln L o-a) = In —gg— 1 -;ET— - ?ET (2-%b)
e ol dogt-a)lT? AR p - =RT - = (2-90)
n - T2(1 -n) - [ £ RT c




Unfortunately, as with all integral methods, evaluation
the Arrhenius parameters requires 3 priori knowledge of
thq ocrder of reaction. Many schemes have been devised
circumvent this problem where the arder of reaction

determined parametrically [(39,40,411.
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Fig. 2-3a. Solutions to the Differential Form of Fqn. 2-6.
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Tabie 2-2. Fourth Order Runge-kutta Soiution Faraseters to Eqn 2-5.

Paraseters Initial Conditiens
Ea = 28,000.00 calories/aole Te = 370.00 *K
A = 4,00 x 19*11 g-t 1e 0.0 : 14 = 1.0
R = 1,987 calories/ aole / *K
I EO T - H
B D05 s

To 1illustrate one resolution ta this dilemma, the
differential form of Egqn. 2-6 has been solved numerically
using a fourth order Runge-Kutta method; the solution curves
for various reaction orders are shown in Fig &-3a and the
solution parameters are given in Table 2-2. The corre-
sponding differential curves are given in Figure 2-3b.

It has been observed [371]1 that, in the limit, as «
approaches zero, reactions of all orders follow zero order
behavior, Fig. 2-3c. This can be exploited to determine
Arrhenius parameters during the early stages of reaction
without prior knowledge or assumptiaon of the reaction order.
The?efore, by equation (2-9a2), a plot in the '"reduced
coordinates" of M 2 In(a/T2) versus 1/T, should produce a
straight line with a slope of -E/R, since (1-2RT/E) is
essentially constant and equal tc unity. The pre—-exponential
may be obtained from the intercept, I, and the relation A =

(RE/R)et. Applying this procedure to the theoretical data of

- . -

K'Y



Figure 2-~3a produced the curves shown in Figure 2-3d.

2~-3 contains the tabulated Arrhenius data so obtained.
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Tanle 2-3. Caiculated Arrhenius Data by a cero Order Analvsis - o.i0 < 12 « 0,30,

Actual Calculated Values assustng lero Order
Order Ea A Correlation
cal/nol2 FERURLLIN B Coefficient
0 30,180 83.9 L9991
) 29.489 35.6 9986
1 28,830 14.7 L9974
e 27,459 2.49 9961
3 244186 0,439 9937

It apparent tﬁat for « < 0.30, the data is virtually
independent of order. Analyzing the early stages of decom-
position frees the experimenter from the necessity of a
prigri assumptions as to order. In fact, "although there
are some special cases for which a theoretical order has
real significance, n must be looked wupon as a purely
empirical parameter, saometimes useful in curve fitting.
(371" Glaobal reaction order can be a complex function of
sample geometry, heating rate, etc., and depends largely on
experimental method. Moreover, analyzing the first 304 of
the reaction, has the added advantage of narrowing the
temperature range over which the Arrhenius parameters are
determine, and the temperature range over which they are
assumed constant. The foreqgoing is the thecretical basis

for the data reduction method which was applied to the TGA
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and VTGA data produced in this work; the exact details of

the analysis procedure will be explained in Chapter IV.
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CHAPTER 111

INSTRUMENTATION — DESIGN AND CALIBRATION

3.1 The Instrument

Recent years have seen an ever increasing level of
sophistication in the design of thermal analysis equipment
{421. These improvements have resulted in instruments which
are capable of more accurate mass and thermal measurements,
improved temperature control and automatic calibration, as
well as units with the ability of attaining higher and lower
ultimate temperatures. While these enhancements have facili-
tated the investigation of polymer stability and other low
rate phenomena, they have dorne little to improve the under-
standing of paolymer combustion. This is mainly due to the
inability of such devices to heat samples at rates much
above 1 9C/s without significant thermal lags between the
sample and its environment. In thermogravimetric analyses,
for example, the usual mass measuring device is the double-
arm micro—-balance; it has too much thermal and mechanical
inertia to provide the necessary response at more ambitious
heating rates. Factors such as buoyancy, condensation of
pyrolysis products on the cooler parts of the balance, and

the influence of the pyrolysis-product vapor on mass deter-
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mirnations, all combine to interfere with the.most sensitive
measurements. Moreover, in conventional TGA systems, the
thermocouple 1is rarely in contact with the sample, and is
therefore unable to detect endothermal and exothermal
transitions which normally accompany pyraolysis. In defini-
tive work, these thermal de;iations within the sample must
be minimized by placing the sample in contact with a good
heat sink, or they must be accounted for in the data anra-
lyses. The ability to overcome such limitations is incompa-
tible with the design of present thermal analysis equipment;
this necessitates the development of new techniques which
are mcre suited to operation at higher heating rates.

Therefore, in order to guantitatively evaluate polymers
at 1increased heating rates, a new type TGA was constructed;
this prototype instrument, unlike conventional TGA’s, uses
vibration for mass determination. Moreover, in this new
design the sample is in intimate contact with the thermo-
Couple. A considerable portion of present work was devoted
to the development of this apparatus and to the evaluation
of this method with respect to rapid pyrolysis.

The princimal features of the apparatus are illustrated
in Figs. 3-1 through 3-3. The main components are mounted
on trianqular "optical benches"” which have been bolted %to a
half-inch steel plate equipped with leveling legs; the whole
assembly is placed on a table fitted with anti-vibration

pads.
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Fig. 3-1. Front View of VTGA Apparatus.

The focal point of the apparatus is a cantilevered
quartz tube which has been clamped to a central mount
fashioned fraom a microscope stage and support. A ferromag-
netic metal strip with an imbedded fine~-wire thermocouple (1
mil) is cemented (2000 °F ceramic cement) in the tib of the
quartz tube. The positive lead of the thermbcouple is routed
through the center of the tube; the negative lead is routed
along the outside of the tube to prevent shorting of the
leads. These leads are soldered to the base of the thermo-
couple "pick-ups". The shaft of the vibration exciter is
brought into contact with the tube by means of the stage

z-axis vernier adjustment.
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Side views of the apparatus are shown in Figs. 3-2 and
3-3. In the farmer }llustration. the instrument is config-
ured with a low heating rate 1linearly programmed furnace,
while the later drawing shows the instrument configured with
an induction furnace. The point of contact of the vibration
exciter with the quartz "pyrolysis tube" is adjusted using
the x-y stage verniers. Likewise, the furnace maunt |is
configured with a vernier adjustments for positioning in the
zZz-direction and may incrementally positioned and locked in
other directions. The instrument can be functiomnally divided
"in to three main sub-systems: mass determination, sample

heating and temperature measurement, and data acquisition.

3.2 Apparatus

3.2.1 Mass Measurement

The problems associated with making a continuous mass
measurement of a sample during rapid heating have been
pointed out by Kohn [19]. He states, that:

. . « there are great practical difficulties in
making an experimental device to continuously deter-
mine the specimen weight durirg ( rapid pyraolysis .
Restrictions are set, on one hand, by the time needed
to determine the thermal equilibrium of the weighing
device, and on the other, by the difficulty of
calculating or of experimentally ascertaining the
weight corrections, made necessary by the variation
in the Archimedean pressure due to a density decrease
in the gaseous atmosphere of the furnace and by the
pressure caused by the gas emission accompanying
pyrolysis.
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Mindful of these difficulties, Th. Gast and H. Jakobs
[{43,44] have used vibration to make mass measurements of
materials subjected to rapid temperature increases. In their
work a platinum ribbon was mounted under tension between two
fixed supports. Samples were coated on this ribbon, which
was then heated by the passage of an electric current.
Temperature measurements were made by simultaneously using
this ribbon as a platinum resistance thermometer. A conti-
nuous mass measurement was made possible by fashioning an
electrodynamic feedback-loop3 however, no description of the
feedback loop is giveny, nor, is there any mention of how the
frequency of the vibrating ribbon is determined. Their
measurements included mass and heat capacity of the samples;
no attempt was made to extract kinetic data. On the whole,
the description of the details of their apparatus and their
method are somewhat sparse. While their approach is very
interesting with respect to the present work, it was felt
that it would be difficult to maintain constaﬁt tension in
the ribbon during heating; this problem; which was not
discussed by the authors, is pivotal to the success of the
measurement. After some deliberation, a method using a
vibrating cantilevered gquartz tube was selected as best
suited to the present work.

The mass measurement scheme of the present method
derives from the fact that the natural frequency of vibra-

tion of a cantilevered tube is inversely proportiornal to the
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linear density of the tube, Egqn. 3-1.
T er 14
e = | — (3-1)
ul

If a mass is coated on the end of a cantilevered tube,
the period of oscillation is directly proportional to the
instantaneous loading.

The basis of the system depends upon an electrodynamic
feedback loop, a block diagram of which is shown in Fig.
3-4. The essential features of this feedback system are: a
1 mW laseri a lens; to diffuse the laser beam; the quartz
tube; a photodiode; saome ancillary circuitry; an amplifier;
a power supplys and a vibration exciter. The photodiode is
positioned in such a way that the shadow of the tube par-
tially obscures the active part of this device. Transverse
motion of the tube causes more and then less of the diode to
be obscufed. This results in a sinusoidal output from the
photodiode, rather than a square-wave which would result if
the tube "chopped" the light beam. This signal is fed back
to the vibration exciter, via some electronics, to close
the loop. The purpose of the electronic circuit, shown at
the bottom of Fig. 3-4, is to "kill" any DC-offset induced
by the DC power supply and to prevent saturation of the loop

amplifier. By wusing the DC-Offset vernier adjustments on
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this amplifier, any remaining DC component may be precisely
set or eliminated, as necessary; this adjustment is crucial
to the fine tuning of the system. The true RMS signal
strength going to the vibration exciter is controlled by the

vernier gain adjustment also on this amplifier.
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I Computer
- Digital
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1 —-..:——_:-P__ Floppy Disk ——l i

Fig. 3-4. Block Diagram of VTGA.

Any decrease in mass at the end of the tube causes
oscillation at a slightly higher frequency thereby producing
an analogous change in the output of the photodiode. This
causes the tube to be excited at this new natural frequency
of the system. Monitoring of the fregquency or period, makes

a continuous mass measurement possible.
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Interestingly enough, the system does not have to be
started! If DC power is supplied to the feedback loops, any
disturbance or vibration is sufficient to cause the system
to start oscillation and to seek its natural frequency. An
acoustic analogy may be drawn between the present system and
the “feédback” phenomenon common to audio speakers and
microphones. In the audio case, the speaker corresponds to
the vibration exciter, the microphone to the photodiode, and
the transverse oscillation of the tube to the longitudinal
oscillations in the air between the speaker and the micro-
phone. In ¢this case, if the density of the medium is
changed, as by the introduction of a foreign gas, the system
shifts automatically ¢to the new resonance frequency. When
properly adjusted, the system will automatically track the
variation in mass loading on the tube, the output signal
will be a near perfect sinusoidal wave, with zero DC offset,
whose period is proportional the instantaneous mass load-
ing. The quality of the signal produced by the oscillation
of the composite quartz/metal tube can be seen in the
oscillograph shown in the inset of Fig. 3-S5. This signal
was acquired at location A in Fig. 3-4 under the conditions
given in Table 3-1. The almost unimodal character of the
oscillation 1is further illustrated by the Fourier transform
of this signal shown in Fig 3-5. This signal, and hence the
tube motion, was only virtually unaffected by the magnetic

and RF fields generated by the induction heater during rapid
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neating. This is primarily due to the large frequency
difference between the mechanical oscillations (130 Hertz)

and the field oscillations (1.2 MHert2).
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Fig. 3~S5. Feedback-loop Signal and Fourier Transfarm.
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Table 3-1. Measured Parameters for Data in Figs. 3-3a and b. »

Quartz Tube . Metal Tube Composite Tube
Length + 5.40 ca 0.70 ca 6.1 ca
Outside Diameter # 9.35 as 0.33 sa -
Insi1de Diaseter ¢ 0.4 as 0.178 as -
Linear Density ¢ 5.71 agics -

foungs Modulus ¢+ 3.3 % [0'! dynes/ca?
Flattened Tip

Neight + 4.19 ag

Thickness + 101 pe
Syrface Area (one sidel+ 9.,0586 ca?

t Effective
+ Measured
% The values in this table are typical of those used in this work,
The linear density of the thermocouple wire is essentially negliqible.

3.2.2 Thermal Systems

In the low heating rate experiments, samples are heated
in a linear furnace, Fig. 3-2. For convenience, and ease of
comparison with conventional TGA results, the furnace used
in these tests is the very one used in the commercially
available TGA-2 made by Perkin-Elmer. The temperature rise
is programmed and contralled using the T3A-2 System 7/4
control device.

In the high heating rate experiments, an induction
furnace of the type found in Curie point pyrolyzers is used

to indirectly heat the samples. Induction heating uses the
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magnetic field from a high power radioc frequency (RF) coil
to induce eddy currents in a ferromagnetic conductor (or
heating element). At radio frequencies these induced
currents are confined to a small region near the surface of
the conductor. The depth of these currents is defimed as the
skin depth - that depth where the surface 6agnetic field
strength, H.s; drops to 1/e of this wvalue. Ferromagnetic
materials are characterized by very small skin depths due to
their large relative magnetic permeability, K-. The skin
depth, &, is a function of the frequency, 0, of the RF
oscillator, and the magnetic permeability, H. (See Egn.
3-2). The eddy currents release heat near the surface of
the conductor; ninety percent of the heat release takes
place in the first skin depth [46]. At radio frequencies,
- is of the order of 25 Hm. The computed skin depths and

specifications fur the induction heater used in this work

2 ¢ :
é = -
L8 (3-2)
are given in Table 3-2. These small skin depths permit

extremely high surface heating rates up to the Curie point
temperature of the ferromagnetic conductor ( the ferromag-
netic tip on a the gquartz tubes ). Proper selection of the

tube geometry and the RF field parameters causes the system
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to heat ballistically tos and stabilize at the Curie

Table 3-2. Calculated Skin Depths for Ferrosagnetic Materials

= 382 Qe

= 4t x 107® V-sec-turn/A-ca
= 1.2 MHert:
Z Hete

He
Yo
g
]

Material Curie Pt. Fe Resistivity §
U4 Cha-ca x [0® 1)
(58] &1)! 20 *C
|
Nickel 631 16.5 7.8 1.9 i
Iron 1043 30 3.1 20.2
30458 845 235 69.5 a4.7
Cobalt 1491 21 9.8 Il i
i
|

temperature. [t has been reported (431 that the surface
cf a 0.6 mm Fe wire, as measured by a 1| mil thermocouple,
goes from 20 °C to 760 °C in about 40 ms (RF agscillator 480
kHz3 magnetic field 1170 Oe; power generator 2000W). This
translates into an average heatirg rate of 25,000 °C/sec.
The heating rate can be modified by varying the power input
to the coil or the coil geometry. Different final tempera-
tures can be obtained by alloying the ferromagnetic heating

materials with various paramagrnetic metals.

—
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Near the Curie point, K, for the heating element drops
precipitously from a value of around five-hundred to about
unity. This significantly reduces further absorption of
energy from the magnetic field and cbnsequently limits
further heating. Any temperature decrease due to radiation
or conduction causes magnetic permeability to increase and
re-initiates heating to the Curie temperature.

Curie point pyrolyzers have been used for years in
cornection with pyrolysis gas chromatographys, and have
gained a reputation of very high precision. This is due to
very reproducible heating rates which can be obtained. The
principal criticism applied to RF induction heating by most
authors [46) is that the sample cannot be subjected to a
continuous range of temperatures, but only to the discrete
Curie temperatures characteristic of the ferromagnetic
material. They make the unwarranted assumption that the
heating time to the Curie point is essentially instanta-
neous. In their understandable desire to design an isother-
mal experiment, they fail to realize the potential of the
system iIn a non-isothermal mode. Also most authors give
very little concern to the heating rate at all,; and they
mistakenly concentrate only on the final temperature. ( Even
with induction heating, the half-decomposition time of
poly(tetrafluoroethylene), one of the most stable polymers
is less than the time required to heat the sample to 400 °C

£1S1.) Given this it is mot surprising that, there is only
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one report of using a Curie point apparatus to make kinetic
measurements [(46,47] (Mass measurements were not made
continuously.)

The elements of the temperature measurement system are
also shown in Fig. 3-4. Samples are coated on a flat
metallic surface at the end of the pyrolysis tubes. The
temperatures of the surface 1is measured wusing a type-E
thermocouple, which has been embedded in the surface. To
insure that the output of the thermocouple corresponds to
the published thermocouple tables (48,491, an electronic
"ice point" or compensator is included in the output line.
The output is amplified (#4, Fig. 3-4) and filtered to
increase the S/N ratio. Fabrication of tubes with embedded
thermocouples is described in Appendix A. In the finished
tube, the thermocouple resideé approximately SO Hm below the
surface; this |is within one "skin depth". There is an
additional advantage of using induction heating with type-E
thermocouples. Since the thermocougles are ferromagnetic
alloys themselves, they are also heated by magrnetic field,
but at a lower rate. Therefore their response time is
increased over that which can be obtained strictly by
conduction. In addition, the RF field generated by the
induction coil caused only minimal interference aon the
temperature data line; this high frequency noise was easily
eliminated using by low-pass filtering in amplifier #4, Fig.

3-4.
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3.2.3 Data Acquisition System

The data acquisition system consists of separate analog
data lines for the mass and temperature information as shown
in Fig. 3-43 these signals are sent to two separate charnels
of a digital oscilloscope. The electronic components of
the feedback loop and data lines were assembled from avail-
able equipment and are far from optimized. As a result,
undesirable signal characteristics arising from incompati-
bilities were eliminated by filtering of the data lines and
the use of differential inputs at the oscilloscope, Fig.
3-6. These measures limit the response of the system and
introduce a "time constant” in the data lines.

Thus this prototype instrument is limited 1in 1its
overall time response; this of course could be corrected in
a more ambitious electronic design. The digital oscillo-
scope samples data at a preset rate which can be varied from
200 s/point up to a maximum of 0.5 Hs/point (2 MHertz). A
maximum of sixteen-thousand . data points can be acquired
during a test with an accuracy af 112 bits in preselected
ranges of 2100 mV to 40 mV. The data from individual tests
are stored on a floppy disk on the oscilloscope disk drive
and are later transferred ¢to a microcaomputer through an
RS-232 serial port; the necessary data transfer software was
written [ Program 1, Appendix B ] to link the oscilloscope
and the computer. Raw data, in the form of Volts vs. time,

is stored on the caomputer’s disks for subsequent data
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3.3 Calibration
3.3.1 Mass Calibration
Prior to each calibratior of the mass measurement
system, the positions of the vibration exciter and the
photodiode are mechanically adjusted to produce maximum

signal amplitude at location A in Fig. 3-4. The DC power
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supply is adjusted such that the amplitude of oscillation
of the tube is approximately 1 mm. The input and output
DC-offsets of amplifier #1,. which has previously been
zeroed, are adjusted to give maximum sigrnal at location A
with a zero DC offset. The emf to the loop is again adjusted
to return the amplitude of the pyrolysis tube to 1| mm. The
peak—-tao-peak voltage of the sinusoidal wave at circuit
location A is normally about 0.5 Valts and has a frequency
less than 300 Hertz depending upon the geometry of the
pyrolysis tube. The purpose of amplifier #2 in the data
line is to boost the sigrnal strength sufficiently ¢to drive
the Frequency-to-vVoltage (FVC) converter. This amblifier is
nominally set to: DC offset = 03 gain = 205 and bandpass <«
1000 Hertz,. The signal from this amplifier is fed to the
FVC whose zero has been appropriately adjusted. This DC
signal is sent to amplifier #3 whose purpose is to increase
the sensitivity of the output to frequency changes. This
amplifier is set to: DC offset = A.R.; variable gain = 103
and a bandwidth of 10 Hertz to "“kill"” any &0 c¢cycle noise.
Since the frequencies of interest are outside of the cptimum
perfaormance range of the FVC, substantial AC nroise corre-
sponding to the signal frequency leaks through. This is
removed by splitting the signal anc using the differential
input capability of the digital oscilloscope. Due to the
crude electronics in the data line, éhe differential input

is critical to the success of the measurement.
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The net effect-of this circuitry is to produce positive
DC level change at the scope for a corresponding increase in
the mechanical frequency of the pyrolysis tube; the polarity
of this change can be reversed by reversing the polarity of
the coupling at the scope. Therefore, as material pyrolyzes
f;om the end of vibrating tube, the frequency of the tube
will increase and produce an increase in the DC level at the
scopes Fig. 2-2

The mass calibration is performed Qquasi-dynamically.
This is done by applying known masses to the end of the
cantilevered tubes, supplying DC power to the mass feedback-
loop, and recording the period of oscillation along with the
amplified output of the FVC. "shrink tubing" of the kind
used in the electronics industry provides convenient refer-
ence masses. Small lengths are cut and placed around the at
center of the flat heating element. Heat from a hot-air-gun
is applied . to insure good adhesion of this 0.5 mm PVC
tubing. Care is taken to avoid excessive heating which would
inhibit later removal. Power is supplied to the mass
measurement system and the periocd of oscillation is noted
along with the FVC output. The aprlied mass is carefully
removed and weighed on a micro-balance to the nearest
hundredth of a milligram. The required calibration curve is
generated by repeating this procedure for applied loadings

ranging from zero to 2.5 mg.




76

. 40— -

ms.

Period,

120[ N BT U BN S S PRI G S| |
.00 .25 .50 .75 1.00 1.28 1. S0 1.7s 2.00

Applied Mass, mg.

L

L

Fig 3-7a. Period of Oscillation vs. Applied Mass.

Representative calibratian curves are given in Figs. 3-7a
and 3-7b. A straight lirne, and for comparisan a fifth order
polynomial have been fit to this data. For all intents and
purposes the caiibratxon is linear. With properly designed
electronics it could be made exactly linear. This is an
important realization. The implication is that rmno calibra-
tion is necessary. Since we are not interested in the
absolute mass, but only the relative change - a«y the frac-

tion decomposed.
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Therefore, the change in period is directly propor-
tiomal to the change in mass. This simplifies the measure-

ments considerably. If this were not the case, it wduld be
necessary to generate calibration curves for each new tube

mounted, as well as curves for various length tubes.

3.3.2 Temperature Calibration

The pyrolysis tube tip contains a type-E thermocouple
which has been fashioned according to the procedure ocutlined
in Appendix A. This type of thermocouple was selected due

to its large Seebeck coefficient and also because the type-E
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materials are ferromagnetic alloys. The output is refer-
enced to a battery powered electronic Type-E "ice-poinrt" or
compensator. This provides an output from which temperatures
can be interpolated directly from the Type—-E thermocouple
tables. Interpolation is facilitated through the use of a
ninth degree polynomial [48,49] which can accurately inter-
polate the table to within 0.5 °C. The output is in turn
sent to amplifier #4, Fig. 3-%, which has been previocusly
zeroed and configured: DC offset = 0; gain = 105 and band-
width = 10 Hertz which strips any AC noise. The thermocouple
is checked wusing the linear-furnace which contains an
independent type-K thermocouple. This procedure is carried
out at several temperatures bracketing the range of inter-
est. This is done mainly to check for shorting of the
thermocouple<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>